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The msjor gosl d-;:u'w:nunt has beea to ifdentify the mschanions
zesponsible for turbulense produstion mesr smeeth wells. Altheugh meay
dysamiecal features of the turbulense prodsstien proeess have dees
previonsly idestified. and sany medels proposed te explsin how these
festures came to Vo, the ressens for their ezistense, ead for their
ovelutios inte tarbulent eruptiens arxe still set satisfasterily
wndersteed. Owrs nouup mjmuu is preduneiag &« wsified picture of
wall gregieca umtﬁo/. ;y :.:lm sttention spea the intessstion wvhieh
zesults fram the pesssge of mierosesle ecsherest metiens—vhich got late
the deffer segion frem farther out is the layer——vith the wall sad the
ssblayer flew field. Theoeo sisrescale metiens ereate pressure gredicats
sssr the wall, vhiech result ia the gemeratieon of nev vertieity and the
redistridution of ozisting verticity. Both of thess provesses ressit ia
the ereation of lecel eonsentrations of vertieity. Omes s lessl
esoncentration is set up it is wmastable to mall pertarbetions; thus,
threagh s0if induction, and the actics of the strong streia rate field o
the pertuzbed regien of fluid, very repid dymmmicsl eoffecte are obsorved.
The recnit of the iateractions is & 10eal feature ia the wvall region,
which ve eall a pocket. lNest of the preduction of turbuiense ia the well
zegion sppears o do sssesisted vith the fermation aad evelstion of the

flié vithin these pochkat fiow meduies. Ve have detormimed that there o
s very bhigh cezrelation betveen the fermation of & poeket and the presense
of the nierescsle vertices immediately sbove the wall. Althongh the

pockats are sepetitive features, cssily idestifisdie ia the vismiised




ssblayer by their shapes, their detailed evolution varies sonsideradly
depending spen the erisatation sad streagth of the miereseale metiens thst
iateszset with the wall and swblayer.

Yo have alse speculated spoa the csnsel mechanisns boyond the eonsept
of » pezturbetion thet results in s loeal pressure gradiest. te the type
of flew field that eonid preoduce the lesal pressure gradient, but
vezification of the csusel mechanimme vill require sigaificent additioml

verlk.

Our researed was iaitisted as & result of ¢ previens reczmmisstios of
the vall region of a turbulent bemndary layer vhich fadicated that the
sentzal strectural feature of the turdulense preducstien precess wee
cempletely overleoked W previens iavestigaters. Ve laitislly deeided to
stedy the mdorside of ¢ turbulent spot. dat guickily dissovered that the
zete of produstiecn is o0 repid snder & spet that leelation and
docmmentation of the oontral strusteral feature vas msce difficuit to
scosmplich thas ia the fuily turbulest bemadary leyer, which ve them
fosnsed the majerity of cur attestion wpesn.

Po feel That o 10t 2as Yeon scosmplished o0 far. As it has turmed
ot the faete Dave focoed 8o to almest start frem "serateh” rather thea
Suild spen the verk of ethers. This Dhas mesat rather siew ( bat steely )
scceptance by the rost of the commmnity ss they degin to do overiapping
esperimentes (ea ozample is an artisle to de published by Murliie, Tesli end
Bredehow ia the Jeurmal of Fluid Nechsaies, the adetract of which 1is
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insluded is Appeadis A).

A dzief cdhromsloegicsl roviev cammersting of the majer steps s oue
zeseared pregren is preseated befew. This i fellewed by the seope of
oach of these phoses. thes by o soview of the majer resuits. Publicatiens
goserated during the coures of this verk are indiceted ia the reforenses

by = asteziek.




11) MAICR 90ALS OF OBR REREARCE

1) Beviag estebliched the ezistonce of & locsl flew medule which wee
sot cbeesved Wy carxlisr iawestigatere. but which appoared to be the
precuseer of the strealy strecture 8ud the burstiang precess, as
eaperzinental pregren ves estadliched to dotornine its inpertance. The
fizst ostep wes te detesuine wvhether the flew medules were s mivesselly
obesrved wall regicn pheonsnenss. ¢ oaly s feature of lov Reyuslds smmber
turtelent bomndesy lager flews.

2) Naviag witaessed them in all wall bownded flewe—takiang eare ¢o
see differest caperimsatsl techniques to do it——we perferned cnperimente
is fully tarbunleat boundesy layors te detesnine the length sesles end
frequeney of cscurrencse of the festures vhich ve thea called “"posints”.
Nezt we bogan to otedy the flow flelds sseselated vith the pocints. Siaee
osch pocdet svelved repidly, flew fislde eotld only bo maderstesd My
documenting their form ot speeifie stages ia the pochet evelsties
(Tayler’s dypotheses oonld set o uoed). The wire wes ot 3° = 15 for thie
stedy.

3) The cemplezity of the pochet flow field Lavestipgation required o
werkiag sede] te cmabdie 0000 to Yo made est of the mstondy,
three-dinensions] flew ficld. Vo diccovered that the Gymamicsl preperties
of vertes ring/vell iaterasctions hod maay of the ovelstiomary features of
the poedet flow meduie. Pasthommere, vertes tring-lidke oddies alse
eppecred ia ascten] domndery layer vismiisations; thes s stady was dogm
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of the flew fields which evelved s & resuit of this iatersetiocs.

4) Neviag estabdliched o prelisinesy flew fleld pietare throughost the
poeket evelinticn. with the delp of the vertss riang vall isterestion
isfernetica. attestion ves shifted to the flew fileld(s) respensibie lor
the esestion of the pochets.

9) Becsnes of the greet similerity found Setvesn the pocint fermeties
snd the palters vertes vings orented on o wall. 90 Vegan Lo esaredh for the
esistonde of verticos sdove the wall ia the turbuient boundery laper.

6) Baviag Ladeed found thet mturslly cocurring verter riags eovested
pochets in boundery lagers. ve vitssceed o nere gossrel phonsmense. It
boeame ¢losr et the major istessstion that the riags vere heviag with
the vell vas teo erente & losel foveradieo precsare gredisst, vhieh wee
sccompeniod Wy o lovel odveree gredicnt ot the Yomndsries of e
isterseticn. Thete were of cafficiont sngaiteds to evests asw vertieity
and gediotzidute he aov and ezisting swdiayer verticity iate sonsentrated
layers oz iate venticess. Other sotions, of the ossle of the vertices,
wore cbeorved 1o aove Lloverd the vall end alee ereate pocints. These
appested to Vo induced Wy vertices ohich ezicted farther ovey frem the
wsll. Thae we have bogan to re-caamine our dats feor sigas What
ssu-verticnl sweeps resuit ia the came pechets os verticsl sveeps . It
is alse inpestisat te aete fhat aet all vertices shich passed over Bhe wail
resaited ia the fermation of ¢ poodet. 1 particeiar, the bheirpin-liide

vertices that sre sbeorved to forn ot the downstresn bomndary of & poeint
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which fosmed wpotroan of ouy prode sad then cosvested over i, oftes have
1ittle offeet eu the viemiised sublayer or st the probe if it is loceted
bolow the Meirpia.

7) The vestices enassting fven the pochots beve boes stadied ot 3° =
18.9 and 34.3. At 15.9 chey beve sigaificent wertieity. dut doa‘t bawe
lagge Deyeolds sizess veless. Hsweves, ot 3° = 34.3 the vestioity bas
relled wp iste o vertes snd significent Deyuelds streses is ssescisted vith

111 S R TR DI ANEIATED
3) The fellewing flowe vere Llavestigated (o Mtomine the cxistonss of e

pochet flow cadules ia well bomnded flewe:
s) Pully éeveloped turbuiont Yomndary laper
over the By range 679 to 3997,
Nﬂt isterestiion region Sotwese o tarbaiomt
-’cl- lh-htrhntmrlhnno
|.uo
) Plev wnder tartelont egete for R, » 10°;

4) Treasition of ¢ i1misnr bomadasy japer
s o tardujcat hears layer iaterestions

o) Pully ésveleped tustnlicat chenmel fiow fer
~ e ‘.” - ”.“'

The sertea ring/vail intesections ond chensel flowes vere snly iovestigeted

W visesl ssess.




The inpectanse of the pochet flow msdules wes dotermined is the fully
teurbulent boundasy csse st Bg = 679 by simaltsncens tiow viomlisstics is
twe pleses sad eseso-strean vertieity msssurenonts weing bot-wizes. Ouwe
prinsipal cbjestive ves to detomnins the cnsemble oversged Beynelds strese
snd sheer sssecinted vith the festuses. Jo the other flowe. ovidense of
e ingertasce vas gathered Wy seting the freguesney of cocasrense and
their ssseeission vith the ejestions and stresk fermstics. We fusther
eoteb! tahed the ilmpertsnse Uy detosmialiang the leagth seslieos ond Crequeney
of cscurvense of he pochets Ia the turbuient bowmndery layer esee. oad (»
the tartelent vele/iemnisss boundery layer latersetion esse. sad comguring
hes e seceptiod ata.

2) Gur stody of the MNew fiolds ves Gomn ot very low Beyeside amber ia
the fully tusbelent Somndory Jager 00ee. o ooed csimmlteneons (lew
sisunl lsstion ia tve erthegom) plenes ond Dot—vise sasnEBetlEy Ssing ¢
four wisze vanticity prode. The cigmie vere ¢igitized ond stores o8 00
LSS 13/30 eomputer. Tiay vere later presecsed o give o, », ., Ma/dy,
Nh.-‘-ln..-lobudw.-n “Satoster” fwmetions.

3) The sodsl stedies of veries ving/wnil intersetions levelved
viounliseticn stedieos cnly. sl hoagh ey mpleped tve orthogomi viewe
oith ot leest euo view ia ¢ laser sheot. TMey vore porfosned 68 Wtd
still cnd asving vails ia veter. Bigh epoed aovies vere e of e
istereeticn of vail lapor fleié (Qyed grecnl cad riag fisid (Gped red).

4) Per cor stoly of e fiow ficite responsibiec fer the fomstion of
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poclets. simitansens flew vissslisstics end bot-vire sasnemetsy stilisiag
8 esoes streen verticity probe ves mpleyed. Us studied o fully doveloped
turbulent bomndery lages with cur probe st ot y* = 24.3, sad By = 0%
The visalisstien iovelved o fleed illmimsted ples view end laser wheet
ilwmissted side view. This alleved us to see the flew fi0ld pattesns
whieh exietod chove the vell whes ¢ pocist fesned is the oublayer.

$) Becssee of the csmplezity of this task, fer eur fires try we linited
our cnssmbles to viswsl imprecsicns of prcints and bot-vise sigmatusres of
e flew ficld sdove e poedets (sided by e posvly secelved leser sheet
visssl isatics) which eonld Vo isterproted os resulitiang foun wertices.

6) The dgpethesis thet the grimery laterecticn of the vertes lafuced
vallvend flews ves to ereste prescure grodicats which seted to Feasrenge
the swblager Meid 1ate & pochet, vee cmnined caly \y iafevense frem Bhe
csnbined bot-vise end vioml signsle, end thoongh catragolistios of the
Ssbevier of andele.

7) Yusticss shicd recuit frun ®he pociete bave Vosn Lavestigeted Soth
vicnnily end coling cunbined fiew vismiissticn end bot-vise cnemsmetey ot
9* = 10.9 cnt 3.2,
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V) SENMRI OF MAICE RASELIE

A) B FITRICS OF THE WIDULENT DONBARY LAYES

) The inpertant swblayer disturdesnces are isitieted Wy the sevement of
outer segicn flew field fluid tevard e wall.

Perhepe the soet lapertast sesult to ceme ot of this lavestigstion
is the faet that the turdulenss preduction precess s initiated by the
sevencnt tevard the val}l of ¢ lessl regien of flunid. The leagth sesles of
these regicns are not large csnpered teo §. and booed apes sesserements of
helr footprints. os vell o8 of the moticns thaneolves. appoar to b
eppresinetely Toyler alerescele ( Faleo 1977, Falee 1979, Palee ond
Levets 1900).

o bave stodied the form cnd esnees of the ssticns thet asve teverd
the veli. The sitmiion ie csmples. but the folleviag facts bave boon
obesrved:

o) Vertes ring/lide oddics, oricnted o0 that they vonid sonvest wWpitrean
oad svey fren We vull. beve Vocn cheorved to oreste poeinte. o imew
thet they ere ringe ond oot Mairpins Secsess our vorticity prode bas
t2evensed the 1ower Mot of the oddies ond avasered spanwise verticity of
the oppocite oign fren thet fomnd is the tep part of the oddy (Pales 1900,
Paleo cad Lovett 198, Lovett 198, oloe e Mules 1977, Sigaer 1902, oad
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Sigaor asad Paleec 1983).

) Vallward sovisg sotioas vith spproximately the same length scales, that
bave little perturbetion vorticity. have bees observed to oreste pockets
that sppesr generslly similar to pockets formed by the vortex ring/wall
isteractions. These motions sometimes sppear to be remnmants of the large
sesle sweeps., Dat at other times sppesr to result from vortex iaduction by
zings vhose lower lobe is i the Jog region (Lovett 1982).

This infosmation eontrasts vwith the losg-standiag hypothesis that
slongated streamwise vortices. vhich were attached to the wall, “pumped”
fleid bSoth toverds asd svay from the vwall. Furthermore, it adds
sigaificant detail to the suggestions that iamez/outer region interactions
gosnlting from the movement of fluid tovard the wall are the dominant
tuzbuiense production mechanism. MNost of these hypotheses have suggested
that large sesle motionms:. i.e., motions the scale of the shear layer
thicknese, direstly contriduted to the sublayer disturbances. As we see

this o not the ease.

$1) Leea) gessration and 10es] redistribatios of wall regioa vorticity.
The nieresesle vallwaréd moviag fluid regions estadlish ocomvected

stagnetion point fiow fields at the well which result ia the gemeration of

sew vertieity ot the vell via the relstions,
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pdu, /by = ~ bp/bs

sdu /Oy = - bp/ts

&0 obeorver asviag cromd e bYomdery of the iatereetion vill see thet
sane of Wio varticity 2os the cane sign 00 the Soas verticity of the
Soundery laper. same bes ogpoeite cign. oad sene appeere 00 Streamwice
artonted vavisetty. Vo foel Dot Bis is the et 1idely asshaniss for
e grofastion of ctremmwise verlieiny.

e tascniag (l1eid alow loseily regiciridetes the cristing omdiaper
flaid. Nie MNard. hieh of soaree dos 110 oo vertieoily adde o &
sedizeets fran e totel sertieity pertarieticniFeice 1979,

1) Pesnetiee of sirong weePe io e soniore of posints

e oulltoasd asviag f1aid Deo bigher ammosten ®hes e flaia It
Meplosve. Bagd spoed oultverd avviag f10i8 is ssiled ¢ “sweep”. The

conter of e pooint guitorne e f1egione 10 Shidd strong S90eps odist.
e Beposi@e stvees soeveioted ¢l Wheee ospe i9 o8 The svoregys Ty
tiave grester @han B¢ iong Liae everege %uies (Pales 19800, 19MR).

™) fumetion of steesle slong The tominry of e posints

Procsurs fenens shich tecuit ferwn We onlioned avviag fieid Srive the
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ssblayer fluid svay. Decanse of the fiaite esteat of the wallward sotion,
o8 adverse pressuse gradieat exists st the bowmndaries of the imtersetion.
Thes, ssblayer fluid is ériven away frem the comveeted stagnstien poiat Wy
the feversbdle precssusre gradient that exists there., and is slowed dova and
seves ap. wey frem the wall, ia the regien of sdverse pressure gradiest.
The reosnlt is the formation of o uildup of ssblayer fluid arouad the
istezaeticn. This buildup is olougated is the otroamwioe direstios
becaves the stagnstion peist is conveeting dovustrean. The result is the
farnetion of ¢ pair of otseamwios streaks (Faleo 1979, 19800, 1980¢,
19Q4).

v) Formeticn of Mairpia vertices ot the dovastrean boundery of the poehots

Sas rpin vertices vere dofilaitely dotocted focmiag ot the dovastreem
Soundaries of doveloped pochets (Falee 1979, 1981). The wesd halrpis fo
concidered appropriate Jecsnee the form la which the verticity eleses apes
Mteelf right ot the wail is set inportent vwith respect to the Gyusaies of
the jifted dairpis cnd. TNese bairpine hove Soon sbserved to prepagate
oat to sbost 3° ® 100, Whea they bed fermed spetreoan of our mosserisg
stetion. 00d comvected over eur venticity prede. ve somily ssv 1ittle
offect. o have Mbesmere ast Wdosrved ony isterastion vith the swhlaper
f1844 Yemeetd Wem et lod to the formstion of sov poshets. The
evelotion Mat sasene o Hhoeos Dailrpine asve farther oot ~ how they
Secslup. or mdorge o iastadility that sesuits ia the fesmation of vertes
eiage ~— requires farthor iavestigation.




vi) Staggezed sxrays of poekats result ia very charp du/dy sigasls st

y* =18

Tien tve ( or mose ) poekets are formed side by side, the thickeaing
of sublayer fluid elomg their eontigeons stresmwise bossdaries is the
bighest found. This fluid often ez bo followed as it is drows iato the
oster layess. This bas often beenm observed to cesnr 49 & result of vortex

iaduetion by comsentsated ester layer vortices (Faleo 1979).

vii) The elengated streaky strueture found aleag the wall is set
dymanicslly inpertast. The loagest streaks of marker are found right
aleng the wall, and sre Delieved to Yo, ia part, regions that have msver
Yeen resrranged by comvestive metions;: (l.0. where methiag interestisg
has Dappensd to the fluid sinee it passed the dye slit). Other pertions
aze the renaise of msrker Waild sp that ceonrs slong the sides of o

staggesed array of poedkets.

viii) The frequensy of ccourrence of the peckets has Vbeoa sesswred.
Pochets do not seale en euter layer parsmeters, vhiek is the sealing that
hos deoea suggested ¥y may iavestigaters feor the turdalense predustion
prosess. Ve have fownd, however, that they do seale on wall regles

vaziebles:

ﬁ,’lp-”

(Pales and Leovett to bo poblished).
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iz) The Jeagth scales of the oversl] stresky strusture sre also fowsd to
%o Reysolds aumber dopendeat. and do ot soale oa either lamsr or omter

layer perameters. Whes seu-dimensiomsslised os lamer regions parmmeters
they issresse with Rg as the .4 power ( Faleo and Lovett, to be
peblished ).

x) The length sesles of the pockets have been meassured over the range 738
¢ l. < 4000. Their seales aleo do a0t depend solely oa immer region
vaziebles. This is comsisten: with the stromg rele of oster region
scherent wotions doserided above. Wien son~dimensiomiized os izmser
zegion variables the poeket widthe issresse as l‘ to the 1/83 power ( Faleo
and Levett, to de publiched ).

B) }S¥ METSICS OF TURBULINT SNOTS

1) Spreeding into the lmmisar bowndary layer duwe to poekets

Vortex ring/l1ike typieal oddies have beea observed to b rotated
tovazds the wall at the froat and sides of the spot by the large seale
vertieity vhieh exists at thess boundaries, and to sreste poehets ia the
' ) lamissr bewadary layer. These poelkets sppear similar to those fownd ia

fally terbulent bdomadary layers (Faleo 1978). They evolve iato 1ifted
streaks of low speed fluid and into hairpine whieh 1ift off osand are
’ sezambdled. This sll happens within a very short time seale. Its

evolution of the poeket is the proeesses that insorporates the former
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lanisss bdowadary layer fluid iato the spot. This scoownts for its rapid
srowth. Spet grewth is set isdependent of Reymolds ammder: iaetesd spots
grow more slowly as the Reynolds awmber insresses. The sonneetion betwesn
this and the faet that poekets decrease is ssasle ia the fully turbulest
bouadary layer ss the Reynolds ammber iseresses is being explored (Faleo,

is preparatioa).

11) Bairpias st wspotream oad

Hairpias have been obeerved to form at the spstream domndaries of
turbulent spots, and to propagate dowastresm iato the bdody of the spots.
Thus, ia & laser cheot streamwice plene, ome would see both vortex

zing/1ike typieal eddies and the tops of hairpias.
111) Teylor—-Goctler vortices at spstream ond

The motions st the spstream Vowadary of the spots sppeared to de
Tasyloe—Goztler vortiees. I faet their breakdows at the spstream downdary
of the spot, vhieh resulted ia hairpins, was eompletely eonsisteat with
the breakdowa observed by Bippes as the Gortier sumber exceeded its
egitieal valwe.

iv) Bigher dessity of poeckets mderasatd

Undersesth the body of tusrbuleat spots, we have witaessed the

ezistence of s eonsideradbly higher density of poskets thaa fouad wader o
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fully developed turbuleat bomndary lsyer. This resulits {a more frequest
posket-posket iatersetion sad preswmadly higher wall shesr stress thas
found wader & turdulest bomndary layer gemerated fLrom the same loestios by

s teip.

C) NE¥ PEYSICS OF TRANSITION DUE TO EIGE FREE STREAN TURBULINCE LEVILS

1) Poekets form is the tvo-dimeasioms] lmmissr Somadary layer

If the turbulent wake of s cireuler eylinder intersects s lsmisar
boundary layer, the lamimar layer beccmes turdulest. The process has deen
ozanined, and found to de the result of disturbances cansed by vortex
ting/1ike eddies which iaterseet the layer and canse pockets to form. The
poekets evolve as deseribed above and, ss & eomsequence. the layer beoomes
terbuleat. This prosess does sot iavolve the presesce of
Tollmien-Seklicktiag waves. On the other hand, because the lemisar
bouadary layer is two dimemsioms] it shows us that poekats o sot form as

s resnlt of the evolstion of some existiag streamwise vortez strusture.

D) N\EW MIYSICS OF VORTEX RING/VWALL INTERACTIONS

1) Onset of stzong viscous foroes

The evolstion of a voztex risg as it comes iato coataet with s wall




is esseatislly goversed bWy strong viseons forees. Javiseid theery dresks

dowa eazly ia the evelstion; this bhas the overall sesult of destebilisiag
the zing., sad ezeating s highly turbuient mass is its plase. Whes wall
dye mazlker is used. the footprist of this intersetion shows the seme
eharseterioties as the poekets found iz the wall Sownded flows disenssed
adbove.

11) Generetion of mevw vertieity st wall

Experimeats pezformed vith the riag moviag towards the wall ia s
quiot ambient eleerly showed that mew voctieity was gemsreted st the wall
by the isecmiag pressure field of the vertex riag (see eguatios 1).

411) Netual iaterastion of riag and sevly geasrated vortieity

Vhile this sev wall layer vorticity is being gemerated, the riag is
still governed esseantially by iaviseid dymsmies. Thss, it is deing
stretehed and its vortieity mplified. The portios of the riag closest to
the wall strotehes the most. By isdustion this portion of the ring
gedistributes the ssvwly ereated wall layer vortieity whickh is inicially
distriduted over 4he wall into a discrete vortex. The strength of this
vertex is loss thas that of the amplified riag vortex, vhieh casses the
wall voetea, vhieh is of opposite siga, to wrap arouand the risg vortesx.

It is duriag this process that viseons diffssion takes over sad the ring
vortieity eaa 30 longer do eonsidered to bo & ¢l0sed vortez tube. What

zemsins sppears 88 & hairpia, with leges eschored iato the wall. Vortex

C e h - et s - o——
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, stretebing is ne loager csencrimg. but the remaining vell layer vertieity
whicd 2as bdeon reasranged inte ¢ vertexz, is indnsed svay frem the wall W

the bairpia perticas of the fesmer rzing.

iv) Rapid Sweaksp

Shoetly after the pection of the riag that wes farthest frem the wall
isduees the vectieity genersted st the vall wpwerd, the riag fluid becemes
violeatly turbuleat. The lifted wall fluid immediately foellews, and o
sapidly growiag turbslest plume results.

Aa sanotated movie has been made showing the stages of evelaties
desezided adove, Maleo (1990).

v) Bvolstions with preezistiag vall region vertieity

Siailer esperiments vere performed with the riag soviag teverd o
soviag belt st & smber of dhallow angles. By keepiag the beit ot & fined

’ spoed, & gives eirenliation is established for the vertieal layer.

Bowevez, by starting the belt at different time iatervals sfter the riag
is fized we eould vary the 10es) stresgth of vertisity ia the layer.

) Reperiments with the riag iaterseetiag the wall o whied s thia vestex
sheet existed shoved s very different ovelstion frem those ia vhieh
identical stremgth rings sppreached the wall on whiel the layer had Secome

R thieker ( again, is both cases the eirenlation of the wall layers were the

same ). Ia the ssse of the thia layer. the riag did sot indsee the wall
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layes fluid far off the wall; it vas essesticlly sbeorded inte the well
layezs. Jer the diffused layer the ring evelutios lecked very similer ¢o
the ear doserided is o quiot mbient; i.0.. both the ring sad wall regies
fisid Seceme & rapidly eutvwerd meviag turbulesat mess.

Sinse the sublsyer ia & tuzbulent bowndary layer will readenly wvery
ia strzeagth fer the sppreschiang vertex ring/1ike oddies. predieting the
ovelstion of the intesastion appeazs te bo impessible. This belps to
oxsplain the vide variety of ovelntiomasy details found for the pechets,
snd the lasge varisnee in the ensemble average statisties of thise

evelstioea.
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1) Uee of sntually perpondicuier laser sheots

Al the evelnticns deserided above are ossentially threo-dinmsssions!.
Yo obtain quastitative threo~dinensions! vioes] (afermeticn. we recerted
to asstuslly perpendicular jeser cheets. The iafernation frem Soth shoots
ond o @igital closk vere fit en ¢ cingie sevie frame welag oplit field
photograghic techaiques. Jer seme sxporvineass e illmissted “esrses”
fermed by tve intersecting 1sser dhoots vas erested. A camers ovuld b
oined ot 45° to Votd shoots to obtais o perspective view.

i1) Ges of fleed illwmisnted subiayer slit markiang ond Jaser sheot
limmissticn st the e tine

The ssjerity of ssblayer iafernetion vhich exists consiots of Gy
sszhed esbiayers vhich bave Socn floed ilimimated. Therefere, to bheve o
strong basic of comparicen for our visml infermation ve meded to sae
thie teosbaiqes vhile ot the sene tine emplioyiang leser sheot vismslisstion
ia the stremmwice~nesnsl plane to see¢ vhat vas going oa adove the wall
vhea the swhlayer vas dicsturbed. Our solation wes to opticelly filter the
grecn 1ight frem the fleed illumingted ssrbed sublayer, snd pass ouly the
greca Jaser 1ight ia the side view. The fliew ia the oster part of the
Soundary layer ves aleo maried by meds frem ¢ slit ferther spetremn.
Thie wmelke bhed to Vo of lower iatensity oo that diserinimtion botwesn

vsl] and suter region finid eouid Ve made. When ueed ia water vwith




flesscscent dyo of diffesent eslere this techaiqee sllewed visml
dicerinisstion of ring sad vall lagyer vertieity oves as thay strengly
isterseted.

§64) Gee of bot-vise snsnenetsry ia ofl fog snele

Raperinents heve devn ot bot-visres css bo oporaied (a the oil-fog
8¢ consentretions sseded to & flev-vismliisetiion vith as socuseny N
¢ Durtberdt end Paleo 1979, Buribards 1988 ). This io sufficlontly
seowrste for eshereat sirustiare lavestigations. Heveves. contisming
offents are sseded to refine our wmdorstanding of the ghysics that ellews
this gonsrally fentunste situsntion to oxiet, bocsseer of the mere lisiting
requizencats of drag reduetice tadies.

tv) Siseltassens fiew viomiisstion snd het-vire sosnsnetsy

%o dove refised our precsedune oo that om emporiseet imveless jest
over eas Dundred sot-up ond calibwetion tesks. Thie reguires thees daps
fer fous gocple. A v¢ grodmily sstemate., farther redustions afe

capected. Yat ve feol e techaique is rapidly apprecching the stage vhere
e gredunte stodent vith o techaicinn’s Molp dhonld Vs obie to peefem

asssingfel sisnltaseete visesl/det-vire caperinsats.
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§) Cangputer gpregrens beve boes writtes vhich allew cur bane Muils 36
chansel 313 ¥t &'D couverter shicd simmiltensetsly semples ead bolde wp Co
36 ciganis befere suitiplesing then ( allowing the mniti vise dovivetives
te Vs obtainsd ) to smare 11 b vards and ¢ timing oigm] whieh is aloe
shotegreghed. The clgevithme allew dats 00 Vo Billed ot wp to 30 M, fes
oadh vigse of o ¢-vise verticity prede.

#3) Conplete Gats redustion oo ¢ sicre csmputor !

Secsuse of e med to ot lerps aomts of date fyem o ate
esquisition oysten to ¢ conpguter ot s rodnee e Gate, and boontse v
é 20t Dave N capedility to tcensfeor the &ata 0o NN‘e contral csmputes
( thie vould sequise ¢ sagaotic tage érive sad io aot eettally casetreged
Wy the csuputer conter ). %0 ose punveiag & goel of delag odle %o
csnpletely seduce our &ats ea L5I 11 Gicree. Over Wirty &ata refustion
slgenithne, aseocssnsy fer evesything fomn csavertisg ailliveits/hit to
veltages., to Nose messtasy fur pletting, heve bocn eritoen for e SBC
spsten. Our capesicnse o for hes Dosa What ea the eder of 99 flepmy
4ioce aze seguirzed s e redustice precese if cacsable ovecages o8 e
sedor of 50 ovents sse 90 b0 cvesideved. This hes bocsne ea ovesvbeliniag
Sosthooping probian, sad is o very tine cossuning grosedare, Yat vith e
odveat of odditiomm] funéde te suhesoe or computing cepebdilities ve onpost
thie oill do ®e svet offoctive altecmtive.




18 o gossvelly tmeve et turiuicnse dotectios schames &0 20t verd
s he vell vegion. or for What setter is the enter region ( Faloo
1980¢ ). s the well regica. they bove 104 to the wreng sesling lews. ond
bove led to vecults that differed fram coch other Wy more thes o8 erder of
ssgaitede. o bove weed simnitensens s view flew vieomlisetion end ous
four vire erceo-oizemn verticity prede o Mot snine what patterss (a the
wall segion recalt (s o bigh Dapusids stress ot Whe wall. Thise te
cssoniislly Be conplete st of infesmetion ageiamt which to test oy
tarbelense dotesticn schane. %o chooo to tost the rether widely weed
schane colied VITA | Gugta. Lloafer sad Baples 1971 ). Becuite hoved that
VITA éetectod canly ¢ wmal) freetion of the tartulonse predustion evests.
ed Doy Mrthor choved the spoeifie ostage 1a the ovelntion of the pocsints
et 8 ves sweneitive to ( Paleo 19600 ). Ue are currestiy evalasting
ofher schenee, and istond to produce ons of car ovn that refloets the

sajer sspects of e preeess.
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V) CONQLURIONS

The eshoeresse sssosisted vith the production of turbulence msar o
wall is grester thes suticipated bVefore this iavestigatioa begas. It is
slesr that many sspests of the physics can be modelled by the vortex
zisg/wall iatersetion, bowever. it appears that scmewhat less stringent
sonditions e alse initiste mev produstion. Furthermore, the same
physies sppesss te gevera produstion for Reyaolds awmbers wp to the oaset
of the Jow of the vake ( whieh sigaals the omeet of high Reymolds ammber
asysptetie dedavier ). Nowever, further lmvestigstioa is required to

’
dotermine which details of the imtersstions are mscessary sad which are
sufficient, defere attempts ot logicelly wodifying the production rate can
’ be made. ’
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The Structure of Turbulent Boundary Layers at
Low Reynolds Numbers.

by J. Murlis®*, H.M. Tsai and P. Bradshaw
Department of Aeronautics, Imperial College, London, SW7 2BY

Conditionally-sampled hot-wire measurements in the range
700 < Reg < 5000 confirm the general flow picture advanced by
Falco (1974, 1977: see also Smith and Abbott 1978) on the basis
of smoke observations. The intermittency factor and the
turbulent transport parameters (the 3rd-order structura) parameters,
deduced from triple-product measurements) are independent of
Reynolds number: this suggests that the basic large-eddy structure
(Falco's "large motion") is nearly the same at all Reynolds numbers.
The shear correlation coefficient is also nearly independent of
Reynolds number, but this is partly a coincidence because the ratio
of u-component to v-component mean-square intensity changes quite
rapidly at Reynolds mmbers Rey < 2000. The probability density
function of turbulent-zone length varies in a striking fashion
with Reynolds msmber, qualitatively supporting Falco's finding that
the small scale undulations in the viscous superlayer (which he calls
“typical eddies”) scale on the viscous ‘Iengti\ parameter rather than
on boundary layer thickness. The average turbulent zone length,
deduced as an integral moment of the probability distribution,
tends to a constant fraction of the boundary layer thickn;ss at
high Reynolds mumber, where the "typical eddies” become small
compared to the size of the classica) "large .eddfes” (Townsend
1956). However, the probability density function as a whole depends
strongly on the choice of the minimum length of irrotational
"zone” that is admitted as real, "uin' say, so that the only
general method of presenting zone-length information is as
probability distributions of zone length L conditional upon "ain'
(P(LfL_. ) in the usual notation. The determination of

min
intermittency from velocity or temperature fluctuations is




discussed in detail because of the prevalence of erroneous or
misleading results in the literature. The law-of-the-wall

relations, specifically the constants in the logarithmic profile,

seem to be independent of Reynolds number while, as originally
deduced by Coles (1962), the defect-law profile varies with
Reynolds number.

. 1. Introduction

The usual analysis for the velocity defect in a turbulent
boundary layer in zero pressue gradient, given, for instance,
by Townsend (1956), leads to the expression

u -u
e - . f[*] (1)

T
where u, is the friction velocity /(r'/p). The analysis assumes
that the apparent effect of the parameter u ‘,/U_e ] /(chZ). or
equivalently dt‘/dx. is negligible. It is possible that the
effect of Ce is responsible for the slight Reynalds-number
dependence of equation 1 at high Reynolds mmber, especially in
supersonic flow, discussed by Mabey (1977). However, Coles
(1962) found comparatively large changes in turbulent boundary
layers in zero pressure gradient at momentum-thickness Reynolds
mambers u8/v of less than about 5000, and it his generally

been assumed that this {s a direct effect of Reynolds number itself

rather than an effect of cf; that s, it is an effect of

viscosity on the turbulence structure outside the viscous sublayer

(the defect law analysis assumes viscous effects to be confined
to the sublayer uty/v < 30, say: see figure 1). . Hu.ffman and
Bradshaw (1972) showed that the velocity-defect profile in pipe
flow is apparently independent of Reynolds number, even in the
low-Reynolds-number range, and the simplest hypothesis to
explain this difference between boundary-layer and pipe flow is
to suppose that the Reynolds-number effects on the defect law
are associated with the "viscous superlayer®, that is, the region







